Background/Aims: The mechanism underlying extracellular adenosine-induced caspase-independent apoptosis in HuH-7 human hepatoma cells is not fully understood. The present study investigated the role for apoptosis-inducing factor (AIF)-homologous mitochondrion-associated inducer of death (AMID) in the pathway. Methods: To see the implication of AMID in adenosine-induced HuH-7 cell apoptosis, real-time reverse transcription-polymerase chain reaction (RT-PCR), immunofluorescent cytochemistry, time-laps GFP monitoring, cell cycle analysis, flow cytometry, Western blotting, cell viability assay, and TUNEL staining were carried out. Results: Adenosine upregulated AMID expression in HuH-7 cells, and translocated AMID from the cytosol into the nucleus. Adenosine induced HuH-7 cell apoptosis, and the effect was further enhanced by overexpressing AMID. Adenosine-induced HuH-7 cell apoptosis, alternatively, was inhibited by knocking-down AMID. Conclusion: The results of the present study provide evidence for AMID as a critical factor for adenosine-induced caspase-independent HuH-7 cell apoptosis.
Introduction
Apoptotic cell death is initiated in a caspase-dependent and -independent manner. Death receptors and the mitochondria engage extrinsic and intrinsic caspase activation, respectively. In contrast, AIF, a phylogenetically conserved flavoprotein within the mitochondrial membrane, participates in caspase-independent apoptosis [1] . In response to lethal signals, AIF is released from the mitochondria, translocated into the nucleus, and binds to the nuclear DNA, thereby causing chromosomal condensation, margination, and large-scale DNA fragmentation (approximately 50-kb fragments) [2, 3] . The AIF homologue AMID, that is designated p53-responsive gene 3, is identified as a human pro-apoptotic protein [4] [5] [6] [7] [8] [9] . The AMID mRNA levels for tumor cells are lower than the levels for normal cells, suggesting AMID as a tumor suppressor [10] . AMID, that is noncovalently and stoichiometrically associated with 6-hydroxy-FAD, serves as an NADPH-dependent oxidoreductase. AMID is preferen-38 tially localized in the outer mitochondrial membrane or the cytoplasm [7] [8] [9] . AMID is capable of binding DNAs, without any specific DNA sequence for its binding, and therefore, AMID could also induce DNA fragmentation, i.e., apoptosis, if the protein is translocated into the nucleus [6, 9] .
Adenosine, a metabolite of ATP, that is abundantly present inside and outside cells, induces apoptosis in a variety of cancer cells via extrinsic and intrinsic diverse signaling pathways [11] [12] [13] [14] [15] [16] [17] . For extrinsic pathways, A 2 adenosine receptors linked to Gs protein involving adenylate cyclase activation execute apoptosis in glioma cells, myeloid leukemia cells, mammary carcinoma cells, and colonic cancer cells [17] [18] [19] [20] . A 3 adenosine receptors are implicated in apoptosis in human lung cancer cells, breast cancer cells, hepatocellular carcinoma cells, and thyroid cancer cells [21] [22] [23] [24] . For intrinsic pathways, intracellularly transported adenosine through adenosine transporters induces apoptosis in GT3-TKB human lung cancer cells by activating AMP-activated protein kinase [12] . Adenosine, alternatively, induces apoptosis in HepG2 hepatoma cells by regulating apoptosis-mediator gene transcription, to activate caspase-3, -8, and -9 [15] . In our earlier studies, adenosine induced apoptosis in HuH-7 human hepatoma cells by downregulating expression of Fas-associated death domain protein (FADD)-like interleukin-1 -converting enzyme inhibitory protein (FLIP), causing activation of caspase-8 and the effector caspase-3 [14] or by tuning Bcl-X L /DIABLO/apoptosis protein (IAP) expression, causing activation of caspase-9 followed by caspase-3 [16] . Amazingly, adenosine-induced HuH-7 cell apoptosis was not completely inhibited by a pan-caspase inhibitor [14] , suggesting that the adenosine action is not limited to caspase activation. We show here that AMID participates in adenosine-induced caspase-independent HuH-7 cell apoptosis.
Materials and Methods

Cell culture
HuH-7 cells were obtained from RIKEN cell bank (Ibaraki, Japan). Cells were cultured in Dulbecco's Modified Eagles Medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum, penicillin (final concentration, 100 U/ml), and streptomycin (final concentration, 0.1 mg/ml), in a humidified atmosphere of 5% CO 2 and 95% air at 37°C.
Coomassie Brilliant Blue staining
HuH-7 cells were lysed in a lysis buffer [50 mM Tris-HCl, 150 mM NaCl, 0.1% (w/v) sodium deoxycholate, 0.1% (v/v) Triton X-100, and protease inhibitor cocktail, pH 7.4] after 4-h treatment with and without adenosine (10 mM). Then, lysates were loaded on 10% (v/v) sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and separated proteins were stained with Coomassie Brilliant Blue.
Plasmid construction and transfection
Nucleotide sequence coding for AMID was cloned into pEGFP-C1 vector (Clontech) at the XhoI and EcoRI site. The plasmid DNA for AMID was transfected into HuH-7 cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) or an electroporation system (Optimizor500, BTX, San Diego, USA).
AMID siRNA transfection
The siRNA silencing the AMID-targeted gene, that was purchased from Cosmo Bio (Kyoto, Japan), was transfected using a Nucleofector II device (Amaxa Biosystems, Cologne, Germany).
Real-time RT-PCR
Total cellular RNA from HuH-7 cells was prepared using a Sepasol-RNA I Super kit. The first-strand cDNAs were synthesized using a High-Capacity cDNA Archive Kit. Each cDNA (2 μl) was amplified in a SYBR Green Realtime PCR Master Mix (final volume, 20 μl) and loaded on the Applied Biosystems 7900 Real-time PCR Detection System (ABI, Foster City, USA). Thermal cycling conditions were as follows: the first one step, 94°C for 4 min and the ensuing 40 cycles, 94°C for 1 s, 65°C for 15 s, and 72°C for 30 s. A standard curve was made by amplifying 0.5, 1, 2, 4, and 8 μl of the GAPDH cDNA diluted at 1:250. mRNA quantity for each target gene was calculated from the standard curve using an SDS 2.1 Software (Applied Biosystems, Foster City, USA). The levels for the AMID and AIF mRNA were normalized by the GAPDH mRNA. The primers as shown in Table 1 were used for real-time RT-PCR.
Immunofluorescent cytochemistry
HuH-7 cells expressing HA-AMID were treated with adenosine (10 mM) for 4 h. Subsequently, cells were fixed with methanol and acetone at -20°C, each for 10 min, blocked with 10% (v/v) goat serum in phosphate buffered saline (PBS) containing 0.01% (v/v) Triton-X100 for 1 h, and reacted with an anti-HA antibody (1:500 dilution) at 4°C overnight followed by Texas Red conjugated with a goat anti-mouse IgG antibody (1:250 dilution). The mitochondria and the nucleus were stained with MitoTracker Green FM (1:500 dilution) and DAPI, respectively. Cell imaging was observed under a laser scanning microscopes (LSM 510, Carl Zeiss, Germany) equipped with 100x plan objective lens.
Time-laps monitoring for intracellular AMID mobilizations
HuH-7 cells were transfected with the expression vector for GFP alone or GFP-AMID. AMID mobilizations were monitored by detecting GFP signals with a laser scanning microscopy (LSM 510, Carl Zeiss, Germany) equipped with 100x plan objective lens every 5 min before and after application with adenosine (10 mM).
Separation into nuclear and cytosolic components
Cells were suspended in 400 μl of a cold buffer A [10 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 1% (v/v) protease inhibitor cocktail, pH 7.4] and lysed with 25 μl of 10% (v/v) Nonidet P-40 (Nacalai Tesque, Kyoto, Japan). After 15,000 x g centrifugation at 4°C for 5 min, the pellet was resuspended in 50 μl of a cold buffer B [20 mM HEPES, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1% (v/v) protease inhibitor cocktail, pH7.9] as a nuclear component and the supernatant was collected as a cytosolic component.
Western blotting
Samples were loaded on 10% (v/v) SDS-PAGE and transferred to polyvinylidene difluoride membrane. After blocking with TBST [20 mM Tris, 150 mM NaCl, 0.1% (v/v) Tween-20] containing 5% (v/v) of bovine serum albumin, blotting membrane was reacted with an anti-AMID antibody (Santa Crutz Biotechnology, Santa Cruz, CA, USA) followed by an HRPconjugated anti-goat IgG antibody. For -actin detection, blotting membrane was reacted with an anti--actin antibody (SIGMA, Missouri, SL, USA) followed by an HRP-conjugated anti-mouse IgG antibody. Immunoreactivity was detected with an ECL kit (GE Healthcare, NJ, USA) and visualized using a chemiluminescence with an Image Gause software (FUJIFILM, Tokyo, Japan).
Cell cycle analysis
HuH-7 cells were transfected with the expression vector for GFP alone or GFP-AMID. Twenty-four hours later, cells were untreated and treated with adenosine (10 mM) for 24 h. Then, cells were harvested by a trypsinization, fixed with 70% (v/v) ethanol at 4°C overnight. Fixed cells were incubated in PBS containing 1.5 μg/ml RNase A for 1 h at 37°C, followed by staining with 5 μl of propidium iodide (PI) for 20 min on ice.
Then, cells were collected on a nylon mesh filter (pore size, 40 μm), and cell cycles including the sub-G 0 phase (apoptosis) were assayed in 1 x 10 4 GFP-positive cells with a flowcytometer (FACSCalibur, Becton Dickinson, USA) at an excitation of 488 nm and an emission of 585 nm, and analyzed using a Mod Fit LT software (Verity Software House Inc., Topshan, USA).
Apoptosis assay
HuH-7 cells were transfected with the expression vector for HA alone or HA-AMID followed by G418 selection by the method as previously described [25] . Twenty-four hours after transfection, cells were untreated and treated with adenosine (10 mM) for 24 h and then, harvested by adding trypsin. Cells were resuspended in a binding buffer and stained with both PI and annexin V-FITC, and loaded on a flow cytometer (FACSCalibur, Becton Dickinson, Franklin Lakes, USA) available for FL1 (annexin V) and FL2 (PI) bivariate analyisis. Data from 20,000 cells/sample were collected, and the quadrants were set according to the population of viable, unstained cells in untreated samples. CellQuest analysis of the data was used to calculate the percentage of the cells in the respective quadrants.
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay
Cell viability was evaluated by a dye staining method using MTT as previously described [14] . MTT-reactive cells were quantified at an absorbance of 570 nm using a micro-plate reader (SPECTRAmax PLUS384, Molecular Devices, Sunnyvale, USA), and percentage of independent basal levels (MTT intensities of cells untreated with any drug) was calculated.
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay
Cells were fixed with 4% (v/v) paraformaldehyde. After removing inactivate endogenous peroxidase with methanol containing 0.3% (v/v) H 2 O 2 , a Permeabilization Buffer was applied to cells and stood on ice for 5 min. Then, a Labeling Reaction Mixture was added and incubated in a humidified chamber at 37°C for 60 min. Reactive cells were stained with 3% (v/v) methyl green and detected with a light microscope.
Statistical analysis
Statistical analysis was carried out using unpaired t-test.
Results
Adenosine upregulates AMID expression in HuH-7 cells
In the SDS-PAGE analysis, 4-h treatment with adenosine (10 mM) produced a new band at 41 kDa (Fig. 1) . The protein band was subsequently excised and the amino acid sequence was analyzed with a matrixassisted laser desorption ionization time of flight mass spectrometry. The amino acid sequence for the protein was well consistent to the sequence for AMID; of total 373 amino acids for AMID the protein contained 98 amino acids identical to AMID (26%).
In the real-time RT-PCR analysis, adenosine (10 mM) increased the AMID mRNA in HuH-7 cells in a bell-shaped treatment time (2-48 h)-dependent manner, with a peak at 4-h treatment ( Fig. 2A) . Adenosine (10 mM) also increased expression of AMID protein at 24-h treatment (Fig. 2C) . In contrast, no increase in the Fig. 2 . Expression of the AMID mRNA and protein. In the real-time RT-PCR analysis, the mRNAs for AMID (A) and AIF (B) in HuH-7 cells were quantified before and after treatment with adenosine (Ado)(10 mM). In the graphs, each column represents the mean (± SEM) ratio against basal levels at 0 h (n=4 independent experiments). (C) Western blotting was carried out using an anti-AMID antibody in cells treated with adenosine (Ado)(10 mM) for periods of time as indicated. Each AMID signal intensity was normalized by -actin signal intensity. In the graph, each column represents the mean (± SEM) ratio against basal normalized signal intensities at 0 h (n=3 independent experiments).
Yang/Yaguchi/Nagata/Gotoh/Dovat/Song/Nishizaki AIF mRNA was found with adenosine treatment (Fig.  2B) . Taken together, these results indicate that adenosine upregulates AMID expression in HuH-7 cells by tun- ing the AMID gene transcription. This raises the possibility that AMID might function as a potential effector for adenosine-induced apoptosis.
Adenosine promotes AMID translocation into the nucleus in HuH-7 cells
We next monitored intracellular AMID mobilizations in HuH-7 cells. In the immunofluorescent cyotochemical analysis for HuH-7 cells expressing HA-AMID, AMID was distributed in the extra-nuclear region, mainly in the mitochondria, without adenosine treatment (Fig. 3A, B,  C, D) , but 4-h treatment with adenosine (10 mM) accumulated AMID in the nucleus (Fig. 3E, F, G, H) .
We subsequently carried out time-laps monitoring for intracellular AMID mobilizations in living HuH-7 cells. For cells expressing GFP alone no GFP signal in the nucleus was obtained with adenosine treatment (Fig. 4A,  B) , but for cells expressing GFP-AMID adenosine (10 mM) generated GFP signals in the nucleus; the number of the signals was enhanced in a treatment time (5-25 min)-dependent manner, with a maximum at 20-min treatment (Fig. 4C, D) .
In the Western blot analysis using the cytosolic and nuclear components, adenosine (10 mM) increased presence of AMID in the nuclear component in parallel with the decrease in the cytosolic component in treatment time (15-30 min)-dependent manner (Fig. 5A, B) . Collectively, these results confirm that adenosine promotes AMID translocation into the nucleus.
AMID participates in adenosine-induced HuH-7 cell apoptosis
To see the implication of AMID in adenosine-induced HuH-7 cell apoptosis, we carried out cell cycle analysis. For HuH-7 cells overexpressing AMID, 24-h treatment with adenosine (10 mM) decreased the proportion in the G 0 /G 1 phase of cell cycling, but instead increased the proportion in the G 2 /M and S phase (Fig. 6A, B) . In addition adenosine increased the proportion of apoptosis for cells overexpressing AMID, with the extent being significantly larger than the proportion for control cells (Fig. 6A, B) . This suggests that AMID serves as a mediator for adenosine-induced HuH-7 cell apoptosis.
To obtain further evidence for this, we carried out flow cytometry using PI and annexin V-FITC. PI is a marker of dead cells and annexin V, detecting externalized phosphatidylserine residues, is a marker of apoptotic cells [26] . Treatment with adenosine (10 mM) for 24 h increased the population of PI-negative and annexin Vpositive cells, that corresponds to early apoptosis [27] , for HuH-7 cells overexpressing AMID, with the extent being significantly greater than the population for control cells (Fig. 7A, B) . It is indicated from these results that AMID participates in adenosine-induced HuH-7 cell apoptosis.
For HuH-7 cells transfected with the AMID siRNA, expression of AMID was clearly suppressed, although expression of -actin was not affected (Fig. 8A) . Treatment with adenosine (10 mM) for 48 h reduced HuH-7 cell viability to nearly 40% of control levels, and the effect was significantly inhibited by knocking-down AMID (Fig. 8B) . Moreover, treatment with adenosine (10 mM) for 48 h increased the number of TUNEL-positive cells, and the effect was also prevented by silencing the AMIDtargeted gene (Fig. 8C) . Overall, these results indicate that adenosine induces HuH-7 cell apoptosis by targeting AMID.
Discussion
In our earlier studies, extracellular adenosine induced HuH-7 cell apoptosis by downregulating c-FLIP expression, causing activation of caspase 8 followed by the ef-fector caspase-3 [14] . Intracellularly transported adenosine, alternatively, activated caspase-3 by neutralizing caspase-3 inhibition due to IAP as a result of decreased IAP2 expression and reduced IAP activity in response to increased DIABLO expression and DIABLO release from damaged mitochondria, thereby inducing HuH-7 cell apoptosis [16] . Those pathways are relevant to adenosine-induced caspase-dependent HuH-7 cell apoptosis. The fact that adenosine-induced HuH-7 cell apoptosis was not completely inhibited by a pan-caspase inhibitor [14] , however, suggested an additional caspase-independent pathway.
In the present study, adenosine increased expression of the AMID mRNA and protein in HuH-7 cells, and stimulated AMID translocation from the cytosol into the nucleus. Adenosine induced HuH-7 cell apoptosis, and the effect was further enhanced by overexpressing AMID. Adenosine-induced HuH-7 cell apoptosis, alternatively, was inhibited by knocking-down AMID. These results point to AMID as a critical factor in adenosine-induced HuH-7 cell apoptosis. Interestingly, adenosine here decreased the proportion in the G 0 /G 1 phase of cell cycling, but instead increased the proportion in the G 2 /M and S phase. This suggests that AMID as a target of adenosine governs HuH-7 cell apoptosis via a pathway independent of G 2 /M cell cycle arrest.
Extracellular adenosine is recognized to induce apoptotic cell death via an extrinsic pathway linked to adenosine receptors and/or an intrinsic pathway linked to adenosine transport into cells. An adenosine-induced increase in the AMID mRNA was not prevented by inhibitors of adenosine receptors (data not shown), ruling out an extrinsic pathway for tuning of the AMID gene transcription. We have found that adenosine induces apoptosis in HepG2 human hepatoma cells by regulating apoptosis mediator gene transcription [15] , where GATA-2, a transcriptional factor, was a target of adenosine signal (unpublished data). It is presently unknown whether a similar mechanism underlies adenosine-regulated AMID gene transcription in HuH-7 cells. To address this question, further experiments need to be done.
AIF has a canonical nuclear leading sequence (NLS) and moves into the nucleus, causing chromosomal condensation and DNA fragmentation through some cryptic nuclease activity and/or recruitment of nucleases bearing partial chromatinolysis [1] . In spite of NLS lacking on AMID, adenosine actually promoted AMID translocation into the nucleus in HuH-7 cells. Accumulation of AMID in the nucleus, in the light of the fact that AMID is a DNA-binding protein [6] , could cause chromosomal condensation and DNA fragmentation to induce apoptosis, as is the case with AIF. This accounts for the implication of AMID in adenosine-induced caspase-independent HuH-7 cell apoptosis.
In summary, the results of the present study show that AMID serves as a critical effector in adenosineinduced caspase-independent HuH-7 cell apoptosis. This may extend our understanding of adenosine signals for apoptosis.
